Abstract: TiO 2 (B) and TiO 2 anatase nanowires were prepared at 150
Introduction
TiO 2 and related one-dimensional (1-D) nanomaterials, such as nanowires, nanotubes, and nanofibers, are of interest because of their potential applications for electronic and energy-related devices. In particular, TiO 2 (or titanates) and ZnO 1-D nanomaterials are widely investigated for electrode materials in dye-sensitized solar cells for improved lightto-electricity conversion efficiency [1] [2] [3] [4] [5] [6] [7] [8] [9] . These 1-D nanomaterials are expected to improve electron transfer and light scattering, both resulting in enhancement of DSC efficiency. Recently, Suzuki and Yoshikawa et al. have reported that a partially-nanowire structured TiO 2 electrode is promising for high-performance DSC [10] ; the authors prepared a nanowire/nanoparticle composite powder via controlled hydrothermal and post-thermal processing. Although this method is attractive due to its simplicity, there exists some difficulty in controlling the nanowire content in the electrode. Thus, as a subsequent study, we have prepared pure TiO 2 anatase nanowire and mixed it with a commercial TiO 2 powder (P-25) to obtain similar microstructures [11] , where a 10 wt% anatase nanowire addition was effective in improving the conversion efficiency. The improved efficiency through nanowire (or nanorod) dispersion has been also reported e.g. by Baxter and Aydil [4] , Tan and Wu [12] , and Pavasupree et al. [13] .
The aim of this paper is to further clarify the nanowire dispersion effect by using TiO 2 nanowires with different polymorphs, viz., TiO 2 (B) and TiO 2 anatase. TiO 2 (B) is a metastable polymorph of titanium dioxide, first synthesized by Marchand et al. in 1980 [14] , which is formed by the dehydration of layered or tunnel-structured hydrogen titanates (H 2 Ti n O 2n+1 ) [15] [16] [17] [18] . Later, in 1991, naturally occurring TiO 2 (B) was also identified in a natural anatase crystal by Banfield et al [19] [20] [21] . Thus, this phase is also called "the fourth TiO 2 mineral", or more simply "monoclinic TiO 2 [22] ." Since TiO 2 (B) contains a relatively large channel structure, it was studied for hydrogen [23] and Li-ion storages [16, [24] [25] [26] . TiO 2 (B) usually forms a fibrous or rod-like structure [27] , and as reported by Sugimoto et al. in 2002, a preferentially oriented TiO 2 (B) thin-film can be also prepared [28] . TiO 2 (B) with its one-dimensional tunnel structure is schematically illustrated in Fig. 1 . Recently, TiO 2 (B) has received renewed interest since the report of nanowire formation by Armstrong et al. in 2004 [29] . The synthesis protocol for TiO 2 (B) nanowires is similar to that for titanate nanotubes, first reported by Kasuga et al. [30, 31] , except that for TiO 2 (B) nanowire, a slightly higher hydrothermal temperature (170
• C) and post-heat treatment (400 • C for 4 h) were used. Its potentially high surface area and prospective intercalation properties encourage the reassessment on Li-ion storage [29, [32] [33] [34] [35] as well as further modification of nanostructures into nanotubes [36, 37] . TiO 2 (B) is currently termed an "energy material" [38] . In an early study by Betz et al. [23] , photoelectrochemical experiments characterized the polycrystalline TiO 2 (B) as an n-type semiconductor with an energy gap of ∼3.0 eV, similar to that of TiO 2 anatase (3.2 eV). Suzuki and Yoshikawa et al. have studied various types of TiO 2 and related titanate 1-D nanomaterials, including TiO 2 (B) nanowires, by controlling the starting material, hydrothermal and post-thermal conditions [39] [40] [41] [42] [43] . Although preliminary photovoltaic properties of TiO 2 (B) nanowires were briefly given as a comparison in the previous papers [10, 11] , detailed DSC properties of TiO 2 (B) nanowires have not yet been reported. In this paper, through the comparison between TiO 2 (B) and TiO 2 anatase nanowires having similar size and morphology but different crystallinity, the effect of nanowire dispersion into DSC electrodes will be discussed. • , (Z=8) [14] .
Experimental
2.1 Preparation and characterization of TiO 2 (B) and TiO 2 anatase nanowires A commercial, fine TiO 2 (anatase) powder (Ishihara Sangyo Ltd., ST-01, ∼300 m 2 /g) was used as starting material. ST-01 TiO 2 powder (0.8 g) and 10 M NaOH aqueous solution (50mL) were placed into a Teflon-lined stainless steel autoclave (the ratio of TiO 2 powder and NaOH aq. is 0.016 g/mL). The autoclave was heated at 150
• C for 120 h under magnetic stirring [42] . After cooling to room temperature, the contents were transferred into HCl aqueous solution and adjusted to pH 2 with stirring for 3 h. The mixture was filtered to obtain the white precipitate. This HCl treatment was repeated three times in order to remove residual Na ions. After HCl treatment, the obtained precipitate (hydrogen titanate hydrate) was washed several times with distilled water and dried at 150 • C. It was then calcinated at 400
• C for 2 h to obtain TiO 2 (B) nanowires, or at 700
h to obtain TiO 2 anatase nanowires. As reported previously, no residual Na was detected by SEM-EDS-class sensitivity [42] . The microstructure of the nanowires was observed by scanning electron microscopy (SEM, JEOL, JSM-6500F) and transmission electron microscopy (TEM, JEOL, JEM-2010F). Powder X-ray diffraction (XRD) patterns were obtained using a Rigaku RINT-2100 diffractometer (CuKα radiation, operated at 40 kV and 40 mA). The surface areas of TiO 2 (B) and anatase nanowires were evaluated by the nitrogen adsorption method using BET theory (Quantachrome, Autosorb-3).
Preparation of DSC
TiO 2 electrodes of DSC were fabricated by mixture of the TiO 2 nanowires and a commercial TiO 2 nanopowder (P-25, Nippon Airosil Co., Ltd., Japan, anatase:rutile∼7:3). The mixing ratio was based on TiO 2 nanowire contents at total TiO 2 mixture weight, and the ratios were varied as 0, 10, 20, 30, 40, 50 and 100 wt%, respectively. For example, 0 wt% means fully P-25 nanoparticles and 100 wt% corresponds to fully nanowires. Note that these compositions mean the initial value for the TiO 2 paste preparation, and not for the final composition within the DSC device. A total of 0.1 g TiO 2 powder (mixture of TiO 2 nanowire (TiO 2 (B) or anatase phase) and P-25) was mixed with 0.01 mL of acetylacetone, and mechanically ground. During vigorous stirring and shaking in an ultrasonic bath, 0.6 mL of a mixture of water and ethanol (1:1, in volume fraction) was added, and then, 0.04 mL of polyoxethylene (10) octylphenyl ether (known as Triton x-100) was added to the paste in order to facilitate spreading on substrates. The obtained colloidal paste was coated on fluorine-doped SnO 2 conducting glass (FTO, sheet resistance 10 Ω/sq., a lower resistance than that in our previous study [10] , Asahi glass Co. Ltd.) by a squeegee technique. The TiO 2 film was prepared by repetitive coating and sintered at 400
• C for 5 min for each layer, and finally, the coated electrodes were sintered at 450
• C for 2 h in air. For all samples in this study, film-processing conditions (repetitive coating times, calcination and sintering conditions, and so on) were as consistent as possible. Thus, the final film thickness reflects the characteristics of TiO 2 powders and TiO 2 pastes, such as in packing density and sinterability. Fig. 2 shows a schematic illustration of the experimental procedure.
[Note: Starting material in first box below ( Fig. 2) ] Sintered TiO 2 electrodes were soaked in 0.3 mM ruthenium(II) dye (Ruthenium 535-bisTBA dye, or N719, Solaronix) solution (using tert-butanol/acetonitrile = 1:1 in volume as solvent) for 12 h. The electrodes were washed once with acetonitrile, dried, and then immediately used for photovoltaic measurements. The redox electrolyte was composed of 0.6 M dimethylpropylimidazolium iodide, 0.1 M LiI, 0.05 M I 2 , and 0.5 M 4-tertbutylpyridine in acetonitrile [44] . A Pt-coated FTO was used as a counter electrode.
Characterization of DSC
Photocurrent-voltage curves were measured under a simulated solar light (CEP-2000, Bunkoh-Keiki Co. Ltd., AM 1.5, 100 mW/cm 2 ). The light intensity of the illumination source was calibrated by using a standard silicon photodiode (BS520, Bunkoh-Keiki Co. Ltd.). The thickness of the TiO 2 films was measured with a Tencor Alpha-step Profiler. The morphology of porous TiO 2 films was observed by SEM. XRD patterns of the DSC surfaces were also obtained by a Rigaku RINT-2100 diffractometer. Note that all tested cells in this study contained no apparent cracks and delamination, which was confirmed by the Alpha-step profiler, optical microscope and SEM. 
Results and discussion

Characterization of TiO 2 nanowires
The as-synthesized materials obtained by the hydrothermal treatment at 150
• C for 120 h were composed only of well-defined nanowires, as expected from our previous work [42] . Figs. 3 (a) , (b) and (c) show SEM images of the samples before calcination, after calcination at 400
• C for 2 h, and after calcination at 700
• C for 2 h, and Figs. 3 (d) , (e) and (f) represent the corresponding XRD patterns, respectively. From the SEM images, the diameters and lengths of nanowires ranged from 10-70 nm and several μm, respectively. The size and morphology of the nanowires remained similar after the calcination (Fig. 3  (b) and (c) ). From the XRD patterns, as-synthesized nanowires consisted of hydrogen titanate ( Fig. 3 (d) ), whereas nanowires calcinated at 400
• C for 2 h consisted predominantly of TiO 2 (B) (Fig. 3 (e) ), and those at 700
• C consisted of TiO 2 anatase with high crystallinity (Fig. 3 (f) ). Specific surface areas of the hydrogen titanate nanowires, TiO 2 (B) nanowires, and TiO 2 anatase nanowires were 84 m 2 /g, 70 m 2 /g and 27.4 m 2 /g, respectively. • for 2 h, TiO 2 (B) (this study), (c,f) after calcination at 700
• for 2 h, TiO 2 anatase (after previos work [11] ).
Typical TEM images of the TiO 2 (B) nanowires are given in Fig. 4 . For the TiO 2 (B) phase, each nanowire was basically composed of a single crystal (or a bundle of single crystal wires), however, a large number of defects and mosaic-like structure were observed, which can be attributed to the facetted internal voids (negative crystal) formed by the dehydration, as reported earlier in the literatures [16, 45] . In contrast, TiO 2 anatase nanowires contained fewer defects and no mosaic-like structure. (A TEM image for TiO 2 anatase nanowires can be found in our previous work [11] .) For TiO 2 anatase nanowires, the fewer internal defects as well as the lower surface area suggest that the atomic rearrangement in/on nanoparticles proceeded efficiently at 700
• C.
Microstructure and phase of DSC
To confirm the dispersion state of TiO 2 (B) and TiO 2 anatase nanowires, the morphology of the top surface of DSC devices was evaluated by SEM (Figs. 5 and 6 ). Even after the final sintering at 450 • C, the nanowire shape was retained in the films. Macroscopically speaking, both nanowires were rather homogeneously dispersed in nanoparticle matrices (for 10 to 50 wt % samples). However, by detailed comparison of Fig. 5 and Fig. 6 , TiO 2 (B) nanowires (Fig. 5 ) tended to agglomerate harder than TiO 2 anatase nanowires (Fig. 6 ). This phenomenon can be explained both by (1) the higher surface area of TiO 2 (B) (in other words, having a more unstable surface than TiO 2 anatase) and (2) lower affinity for TiO 2 (B) nanowires with the surrounding anatase-dominant nanoparti- cle matrix, which resulted in more voids around TiO 2 (B) nanowires. At higher nanowire contents (50-100 wt%), pore volumes in the film apparently increased, which could be disadvantageous for photovoltaic properties; from Figs. 5 (g) and 6 (g), fully-nanowire DSC contained many pores compared with DSCs made by nanowire/nanoparticle composites due to the nanowires' lower packing density. From a series of SEM observations, it can be deduced that a small amount of TiO 2 (B) nanowire addition (10-20 wt%) decreases the film density due to the agglomeration (Fig. 5 (b)-(c) ). In contrast, a small amount of TiO 2 anatase nanowire addition does not decrease (or even increase) the film density due to the high packing nature of two different-size materials (Fig. 6 (b)-(c) ). Figs. 7 and 8 show XRD patterns taken from the top surfaces of DSC devices for TiO 2 (B) and TiO 2 anatase dispersions, respectively. In Fig. 7 , the XRD patterns of (a)-(f) are indexed to anatase, rutile and SnO 2 (FTO glass). Note that the P-25 matrix powder contains both anatase and rutile phases. Even at 100 wt% ( Fig. 7 (g) ) the peak heights of the TiO 2 (B) phase were rather small in comparison with the SnO 2 peaks. This result indicated that the crystallinity of TiO 2 (B) nanowire in DSC devices became relatively poor, which is similar to an "X-ray silent" condition as reported by Kavan et al. [34] . For XRD patterns in Fig. 8 , clear anatase peaks were observed for all samples, as well as rutile peaks from a portion of P-25 powder and SnO 2 peaks from FTO substrate. This result again demonstrates the phase stability of TiO 2 anatase nanowires during repeated sintering at 400
• C, and final sintering at 450 • C. 3.3 Photovoltaic performance of DSC Fig. 9 shows the photocurrent-voltage characteristics (I-V curves) of dye-sensitized solar cells made from fully nanoparticles (0 wt%-nanowire), 10 wt%-nanowire, and fully nanowires (100 wt%-nanowire). For the TiO 2 (B) system, the short-circuit current density (J SC ), the open-circuit voltage (V OC ), the fill factor (FF) and the efficiency (η) of 100 wt%-nanowire were 2.7 mA/cm 2 , 0.74 V, 0.67 and 1.33 %, respectively. This photovoltaic performance was much lower than that of fully TiO 2 nanoparticles (efficiency was 5.59 %). In contrast, 10 wt%-TiO 2 (B) nanowire added DSC showed much improved photovoltaic performance; J SC =12.8 mA/cm 2 , V OC =0.73 V, FF=0.66 and η=6.17%, respectively. Similar improvement was observed for TiO 2 anatase nanowire addition, as is briefly described in a previous paper [11] . Fig. 10 shows the variation of conversion efficiency with TiO 2 nanowire content. In more detail, Tables 1 and 2 summarize the photovoltaic properties for various nanowire compositions. As for the TiO 2 (B) system (Table 1) , V oc and FF indicated almost the same values at each nanowire content. The optimum nanowire content was obtained at 10 wt% in this study. Considering the many defects in TiO 2 (B) nanowire (in Fig. 4) , the "electron conducting path" effect should be smaller than for TiO 2 anatase nanowire. Thus, the increased efficiency at 10 wt% can be attributed to the increment of total film thickness (15.6 μm) and to the light scattering at rather large agglomeration, which are in good agreement with SEM observations (Fig. 5 (b) ). As for TiO 2 anatase system (Table 2) , a similar improvement at 10 wt% was observed, however, the filmthickness decreased in this case (7.6 μm) . This phenomenon is also in good agreement with SEM observations (Fig. 6 (b) ); TiO 2 anatase nanowire dispersion did not suppress the sintering at this content, instead, increased film density due to high packing rate was noted. Then, the anatase nanowire can act as an effective "electron conducting path" [4, 10] . In order to simplify the comparison, the normalized efficiency per adsorbed dye concentration (viz., approximation for the normalized efficiency per surface area of semiconductor electrode) is plotted against the nanowire content ( Fig. 11 (a) and (b) ). It clearly demonstrates the positive effect of mixing nanowires and nanoparticles. Since the TiO 2 (B) nanowires synthesized in this study contained many internal defects (Fig. 4 (b) ), the role of the "electron conducting path" cannot be expected to be as high as that for TiO 2 anatase nanowires [10] . Actually, efficiency per dye concentration for fully TiO 2 anatase nanowire was 8. Tables 1 and 2 ). Hence, the improvement at 10 wt% nanowire addition for two different TiO 2 polymorphs can be attributed to different mechanisms: TiO 2 (B) nanowires, which include many defects and tend to agglomerate with each other, suppress the sintering of matrix nanoparti-cles and cause light scattering, whereas TiO 2 anatase nanowires, which have fewer defects and are more easily dispersed in the matrix to form denser films, act as an efficient electron conduction path.
Conclusions
(1) Well-characterized TiO 2 (B) and TiO 2 anatase nanowires were obtained by a hydrothermal treatment at 150
• C for 120 h and post-heat treatments at 400 • C-2 h for TiO 2 (B) and 700
• C-2 h for TiO 2 anatase. TiO 2 (B) nanowires consisted of single crystals, however, they contained defects of "negative crystal" type voids. The BET surface area for TiO 2 (B) nanowires was 70 m 2 /g. In contrast, TiO 2 anatase nanowires contained fewer defects and smoother surfaces, resulting in a lower surface area of 27.4 m 2 /g. (2) Owing to the defect nature, fully TiO 2 (B) nanowire electrodes showed rather low DSC efficiency of 1.33 %, while fully TiO 2 anatase nanowire electrodes showed 2.42 %. (3) 10 wt% nanowire addition to P-25 nanopowder matrix improved DSC performance from 5.59 to 6. 17 % for TiO 2 (B), and to 6.53 % for TiO 2 anatase. The improvement mechanisms at 10 wt% for two different polymorphs are thought to be different, i.e., light-scattering and film-thickness increment for TiO 2 (B) nanowire dispersion, but an improved conduction path through the matrix for the TiO 2 anatase nanowire dispersion. Throughout this study, it can be concluded that in order to obtain good electron conducting paths, nanowires should have a low number of defects, and favorably, in the same crystal structure as the matrix nanoparticles.
